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The phylogenetic diversity of an oligotrophic marine picoplankton community was examined by analyzing
the sequences of cloned ribosomal genes. This strategy does not rely on cultivation of the resident
microorganisms. Bulk genomic DNA was isolated from picoplankton collected in the north central Pacific
Ocean by tangential flow filtration. The mixed-population DNA was fragmented, size fractionated, and cloned
into bacteriophage lambda. Thirty-eight clones containing 16S rRNA genes were identified in a screen of 3.2
X 10* recombinant phage, and portions of the rRNA gene were amplified by polymerase chain reaction and
sequenced. The resulting sequences were used to establish the identities of the picoplankton by comparison with
an established data base of rRNA sequences. Fifteen unique eubacterial sequences were obtained, including
four from cyanobacteria and eleven from proteobacteria. A single eucaryote related to dinoflagellates was
identified; no archaebacterial sequences were detected. The cyanobacterial sequences are all closely related to
sequences from cultivated marine Synechococcus strains and with cyanobacterial sequences obtained from the
Atlantic Ocean (Sargasso Sea). Several sequences were related to common marine isolates of the vy subdivision
of proteobacteria. In addition to sequences closely related to those of described bacteria, sequences were
obtained from two phylogenetic groups of organisms that are not closely related to any known rRNA sequences
from cultivated organisms. Both of these novel phylogenetic clusters are proteobacteria, one group within the
a subdivision and the other distinct from known proteobacterial subdivisions. The rRNA sequences of the
a-related group are nearly identical to those of some Sargasso Sea picoplankton, suggesting a global distribu-

tion of these organisms.

Marine picoplankton, organisms between 0.2 and 2 pm in
diameter (18), are thought to play a significant role in global
mineral cycles (2), yet little is known about the organismal
composition of picoplankton communities. Standard micro-
biological techniques that involve the study of pure cultures
of microorganisms provide a glimpse at the diversity of
picoplankton, but most viable picoplankton resist cultivation
(8, 10). The inability to cultivate organisms seen in the
environment is a common bane of microbial ecology (1).

As an alternative to reliance on cultivation, molecular
approaches based on phylogenetic analyses of rRNA se-
quences have been used to determine the species composi-
tion of microbial communities (14). The sequences of rRNAs
(or their genes) from naturally occurring organisms are
compared with known rRNA sequences by using techniques
of molecular phylogeny. Some properties of an otherwise
unknown organism can be inferred on the basis of the
properties of its known relatives because representatives of
particular phylogenetic groups are expected to share prop-
erties common to that group. The same sequence variations
that are the basis of the phylogenetic analysis can be used to
identify and quantify organisms in the environment by
hybridization with organism-specific probes.

Approaches that have been used to obtain rRNA se-
quences, and thereby identify microorganisms in natural
samples without the requirement of laboratory cultivation,
include direct sequencing of extracted 5S rRNAs (19, 20),
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analysis of cDNA libraries of 16S rRNAs (21, 24), and
analysis of cloned 16S rRNA genes obtained by amplification
using the polymerase chain reaction (PCR) (3). Each of these
approaches potentially imposes a selection on the sequences
that are analyzed. Minor constituents of communities may
not be detected using the 5S rRNA because only abundant
rRNAs can be analyzed. Methods that copy naturally occur-
ring sequences in vitro before cloning potentially select for
sequences that interact particularly favorably with primers
or polymerases.

In this study we have characterized 16S rRNA sequences
from a Pacific Ocean picoplankton population by using
methods chosen to minimize selection of particular se-
quences. DNA from the mixed population was cloned di-
rectly into phage A, and rRNA gene-containing clones were
identified subsequently. The methods used in the analysis
are applicable to other natural microbial communities. The
results are correlated with sequences from cultivated organ-
isms and with 16S rRNA gene sequences selected by PCR
from Atlantic picoplankton (3).

MATERIALS AND METHODS

Collection and microscopy of picoplankton. Picoplankton
were collected in the north central Pacific Ocean at the
ALOHA Global Ocean Flux Study site (22°45'N, 158°00' W)
from aboard the R/V Moana Wave. As previously detailed
(5), seawater was pumped onboard through a 10-pm-pore-
size Nytex filter and concentrated by tangential flow filtra-
tion using 10 ft? (ca. 6,450 cm?) of 0.1 pm-pore-size fluoro-
carbon membrane, and cells were pelleted from the resulting
concentrate by centrifugation and frozen. Sampling began on
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1 December 1988 and continued through 3 December 1988
within a 6-mile (ca. 9.7-km) radius of the ALOHA station.

For electron microscopy, concentrated picoplankton were
fixed in 1% glutaraldehyde, pelleted by centrifugation, and
suspended in TE buffer (10 mM Tris-HCI [pH 7.4], 1 mM
EDTA) containing 0.05% Nonidet P-40 (Sigma Chemical
Co., St. Louis, Mo.) and 10 mM NacCl. The suspended cells
were allowed to settle overnight in a humidified chamber
onto glass coverslips coated with Cel-Tak tissue adhesive
(Biopolymers, Inc., Farmington, Conn.). The coverslips
were washed in distilled water, serially transferred through
25, 50, and 70% ethanol, critical point dried, mounted on
scanning electron microscope stubs and sputter-coated with
gold-palladium. Samples were viewed in a Cambridge 5250
MK?2 scanning electron microscope.

Purification and cloning of mixed-population DNA. Cell
pellets were thawed on ice in 4.5 ml of 40 mM EDTA-0.75 M
sucrose-50 mM Tris-HCIl, pH 8.3. Lysozyme was added to a
final concentration of 1 mg/ml, and the suspension was
incubated at 37°C for 30 min. After the addition of 800 pg of
proteinase K and sodium dodecyl sulfate (SDS) to a final
concentration of 0.5% (wt/vol), the mixture was incubated
for an additional 2 h at 37°C. Phase microscopy indicated
that cell lysis was complete. Polysaccharides and residual
proteins were aggregated by addition of hexadecyltrimethyl
ammonium bromide to a final concentration of 1.0% (wt/vol)
in the presence of 0.7 M sodium chloride and a 20-min
incubation at 65°C. The protein and polysaccharide com-
plexes were removed by extraction with an equal volume of
chloroform-isoamyl alcohol (24:1), followed by extraction
with phenol-chloroform-isoamyl alcohol (50:49:1). Nucleic
acids were recovered by the addition of 0.6 volume of
isopropanol and centrifugation for 10 min at 10,000 rpm in an
HB-4 rotor.

The pellet was suspended to a concentration of between 50
and 100 pg/ml in TE buffer. Cesium chloride was added to a
final concentration of 1.075 g/ml in 5-ml polyallomer tubes,
each containing 1 mg of ethidium bromide. A density gradi-
ent was established by centrifugation at 55,000 rpm for 16 h
in a VTi 65 rotor. Genomic DNA was visualized by ethidium
bromide fluorescence, and a broad zone centered about the
DNA band was withdrawn with an 18-gauge hypodermic
needle. Ethidium bromide was extracted from the DNA with
water-saturated butanol, and cesium chloride was removed
by dialysis against TE buffer, pH 7.8.

The purified, mixed-population DNA was partially di-
gested with the restriction endonuclease Sau3A, and DNA
fragments ranging in size from 10 to 20 kb were recovered
from a 5 to 25% NaCl velocity gradient spun at 37,000 rpm in
a Beckman SW41 rotor for 4.5 h at 25°C as detailed by
Kaiser and Murray (9). Bacteriophage A\ cloning vector
EMBL3 was prepared by digestion with BamHI and EcoRI
and removal of the stuffer fragment by selective precipitation
(Stratagene, La Jolla, Calif.). The size-fractionated frag-
ments of picoplankton DNA were ligated to the insertion
vector with T4 DNA ligase and then packaged in vitro with
Gigapack Gold packaging extracts (Stratagene) as recom-
mended by the manufacturer. The titer of the library was
determined by mixing aliquots of the packaged DNA with E.
coli host strain P2 392.

Identification of rRNA gene-containing recombinants. Ali-
quots of the recombinant library were mixed with E. coli
host strain LE 392 (Stratagene) such that 1 X 10* to 5 x 10*
plaques developed per 150-mm plate. Plaques were trans-
ferred to nitrocellulose (Schleicher & Schuell, Keene,
N.H.), denatured with 0.5 M NaOH in 1.5 M NaCl, neutral-
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ized in 0.5 M Tris-HCI, pH 7.5, in 1.5 M NaCl, and baked at
80°C for 2 h under vacuum.

Nitrocellulose filters were incubated in hybridization
buffer (4) for 15 to 30 min at 42°C before the addition of
approximately 107 cpm of either the mixed-kingdom or
oligodeoxynucleotide probe (see below). When the mixed-
kingdom probe was used, hybridization reactions were incu-
bated at 65°C for 5 h and then slowly cooled to 42°C in an
overnight incubation. Filters were washed once in SET (150
mM NaCl, 1 mM EDTA, 20 mM Tris-HCI, pH 7.8) for 10
min at room temperature, followed by two successive
washes in SET for 10 min at 45°C. Hybridization with the
oligonucleotide probe was performed at 37°C overnight,
followed by one 10-min wash in SET at room temperature
and two successive 10-min washes in SET at 37°C. After
drying, filters were exposed to X-ray film for 4 to 48 h.

A mixed-kingdom probe (14) was prepared from 16S-like
rRNAs purified from Oceanospirillum linum, Sulfolobus
solfataricus, and Saccharomyces cerevisiae. The respective
small-subunit RNAs were purified by polyacrylamide gel
electrophoresis, electroeluted from the gel, and partially
hydrolyzed by incubation for 15 min in 100 mM NaHCO;-
Na,CO,, pH 9.0, at 90°C. The RNA was precipitated in 0.3
M sodium acetate and 2 volumes of ethanol. The pellet was
washed with 70% ethanol to remove precipitated salts and
suspended at 1.0 pg/ml in 10 mM Tris-HCI, pH 7.6. Phage T4
polynucleotide kinase (Pharmacia, Piscataway, N.J.) was
used to 5’ end label the RNA fragments (17) with 0.5 mCi of
[v-32P]ATP. Labeled probe was purified on Sephadex G-50
columns, using a running buffer of 100 mM Tris-HCI (pH
7.5), 100 mM NaCl, 1 mM EDTA, and 0.1% SDS. The
purified, end-labeled probe had a specific activity of 107 to
108 cpm/pg of RNA.

The oligonucleotide hybridization probe 5S1SF (GTGCCA
GCMGCCGCGQG), identical to a universally conserved re-
gion of the small-subunit rRNA (11), was synthesized on an
Applied Biosystems automated DNA synthesizer and puri-
fied by polyacrylamide gel electrophoresis. The probe was 5’
end labeled as described above and then purified on a C8
reverse-phase Bond Elut column (Analytichem Interna-
tional, Harbour City, Calif.) as described previously (4).

Plaques hybridizing with rRNA-specific probes were pu-
rified by two subsequent rounds of isolation. Phage DNA
was purified from plate lysates on Prep-Eze columns (5’-3',
West Chester, Pa.) as described previously (6).

Plaque dot assay. A plaque dot assay (15) was used to sort
clones at the kingdom level so that appropriate primers could
be selected for PCR amplification of the ribosomal DNA
(rDNA) portion of the cloned fragments. To optimize the
plaque dot assay for maximal phage production and to test
the relative efficacy of filter papers used in the plaque lifts,
1-pl aliquots of dilutions of a purified, rRNA gene-containing
phage preparation were spotted onto a fresh lawn of Esche-
richia coli. After incubation at 37°C for 24 h, the plaques
were lifted by using either nitrocellulose or Hy-Bond filter
paper (Amersham, Arlington Heights, Ill.) and hybridized
with the eubacterial (O. linum) rRNA probe.

Amplification of rDNA genes. Eubacterial rDNA was am-
plified from A clones by PCR (16), using amplification
primers specific to nucleotide positions 50 to 68 (forward
primer; AACACATGCAAGTCGAACG) and 536 to 519
(reverse primer; GWATTACCGCGGCKGCTG) of the E.
coli 16S rRNA (11). Purified A DNA (100 to 400 ng) was
added to the amplification reaction mixture, which contained
(in a 100-pl total volume) 10 pl of 10x reaction buffer (100
mM Tris-HCI [pH 8.3], 500 mM KCl, 15 mM MgCl,, 0.01%
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[wt/vol] gelatin), 5 pl of 1% Nonidet P-40 (Sigma), 1.5 mM
each dATP, dGTP, dCTP, and dTTP, 0.5 pg of each primer,
and 2 U of Tag DNA polymerase. The reaction mixture was
overlaid with mineral oil and incubated in a thermal cycler
(Perkin Elmer-Cetus) as follows: 1.5 min of denaturation at
92°C, primer annealing at 37°C for 1.5 min, heating to 72°C at
2°C/s, and elongation for 2 min, which was extended for 5 s
after each cycle. Following 20 rounds of amplification, the
reaction mixture was extracted once with phenol-chloro-
form-isoamyl alcohol (50:49:1), and the amplified product
was precipitated from 0.3 M ammonium acetate and 1
volume of isopropanol. The nucleic acid was pelleted by
centrifugation for 15 min and washed once in 70% ethanol-
TE. The pellet was redissolved in the amplification cocktail,
and the amplification was repeated as described above
except that only the forward primer was added to the
reaction mixture. Following an additional 20 rounds of
amplification, the reaction mix was extracted once with
phenol/chloroform and precipitated twice with ammonium
acetate and isopropanol as described above. The final pellet
was suspended in 10 pl of TE. Typically, 2 to 4 pl of the
resuspended pellet was used per sequencing reaction, using
a 5'-32P-labeled primer (above) and the Klenow fragment of
E. coli DNA polymerase (14).

Sequence analysis. Sequences were aligned manually on a
collection of rRNA sequences on the basis of conserved
regions of sequence and secondary structure of the 16S
rRNA (25). Regions of ambiguous alignment were omitted
from subsequent analyses. The evolutionary distance be-
tween each pair of sequences was calculated, and a least
squares method was used to infer the phylogenetic tree most
consistent with the pairwise distance estimates (12).

Nucleotide sequences accession numbers. Sequences used
in phylogenetic analyses are all available from the GenBank
or EMBL data base. The new sequences are available under
the following GenBank accession numbers: ALO 7, M64536;
ALO 23, M64526; ALO 37, M64531; ALO 11, M64522; ALO
30, M64529; ALO 33, M64530; ALO 29, M64528; ALO 18,
M64524; ALO 4, M64534; ALO 40, M64535; ALO 24,
M64527; ALO 17, M64523; ALO 39, M64533; ALO 38,
M64532; and ALO 21, M64525.

RESULTS

The approach used here to characterize marine picoplank-
ton without cultivation and with minimum selectivity is
summarized in Fig. 1, with some results of the study.
Picoplankton sufficient for the analysis were concentrated
from oligotrophic oceanic water by tangential flow filtration
and centrifugation (5). As illustrated in Fig. 2, the cells
collected were between 0.2 and 2 pm in diameter and so are
defined as picoplankton (18). The morphologies of the or-
ganisms in the population analyzed here are typical of
marine picoplankton (2, 23). A total of 471 pg of purified
DNA was recovered as detailed in Materials and Methods
from a 140-mg portion of the 560-mg picoplankton cell pellet.
The extracted DNA was of high molecular size (>40 kb) and
uniformly susceptible to digestion with restriction endonu-
cleases. A library consisting of 10’ recombinants was con-
structed in phage AEMBL3 from partially digested (Sau3A)
and size-fractionated (10- to 20-kb) picoplankton DNA.

Isolation of rRNA gene-containing clones. Plaque hybrid-
ization was used to detect rRNA gene-containing recombi-
nants. Since rRNA genes in the recombinant library were
from unknown organisms, it was necessary for detection of
those genes to rely upon hybridization probes that bind to
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PROTOCOLS RESULTS
NATURAL POPULATION Oiligotrophic picoplankton
(fig. 2)
tangential fiow filtration
BIOMASS 560 mg wet wt.,
ca. 2x 10" cells
Break cells, phenol extract, from ca. 8,000 | seawater
purify DNA on CsCl gradient
TOTAL DNA 2mg DNA
Shotgun clone into
phage lambda vector
RECOMBINANT DNA LIBRARY 1x 107 recombinants
Screen by hybridization with
“mixed kingdom"® 16S rRNA
probe (fig. 3)
RIBOSOMAL DNA CLONES 38 rDNA clones selected
’ from 3.2 x 104 recombinants
Sort (fig. 4) and PCR ampiify
with rDNA-specific primers
SINGLE STRAND rDNA
Screen rDNA clones by single
nucleotide pattern (fig. 5A)
UNIQUE rDNA CLONES 16 unique clones
Sequence (fig. §B) and
compute
relatedness (fig. 6)

PHYLOGENETIC CHARACTERIZATION 4 cyanobacteria (fig. 7A)
OF POPULATION CONSTITUENTS 11 proteobacteria (fig. 78)
1 eukaryote

FIG. 1. Flow chart of the protocols used to characterize marine
picoplankton without cultivation and a summary of some results.

generally conserved features of 16S rRNAs. We evaluated
two types of hybridization probes for identifying the pico-
plankton genes. One, a mixed-kingdom probe, consisted of a
mixture of partially hydrolyzed 16S rRNAs derived from one
representative of each of the primary kingdoms (25): eubac-
teria (represented by O. linum), eucaryotes (S. cerevisiae),
and archaebacteria (S. solfataricus). The extent of sequence
conservation in 16S-like rRNAs is such that cross-species
hybridization is readily detected among representatives of a
particular kingdom (14). The probe mixture of rRNAs from
each of the primary kingdoms should detect the rRNA genes
of all or most life forms. The second hybridization probe that
we tested was a 16-nucleotide sequencing primer identical to
a universally conserved sequence in 16S rRNAs (Materials
and Methods). This probe, too, in principle should detect all
rRNA genes in the recombinant library. The hybridization of
these two types of probes to duplicate, representative plaque
lifts of the picoplankton library is shown in Fig. 3. All
plaques identified with the mixed-kingdom probe (Fig. 3A)
also were identified with the oligonucleotide probe (Fig. 3B).
However, the oligonucleotide probe also bound to many
additional plaques. Subsequent sequence analysis revealed
that all recombinants identified by the mixed-kingdom probe
contained rRNA genes, whereas none of several recombi-
nants analyzed that bound the oligonucleotide probe, but not
the mixed-kingdom probe, contained recognizable rRNA
gene sequences. We therefore used and recommend the
mixed-kingdom probe for hybridization screening for un-
characterized rRNA genes.

Thirty-eight clones containing rDNA inserts were identi-



4374 SCHMIDT ET AL.

FIG. 2. Scanning electron micrograph of picoplankton repre-
sented in the clone library. Picoplankton concentrated from the
ALOHA collection site were fixed and prepared for scanning
electron microscopy as detailed in Materials and Methods.

fied among 3.2 X 10* recombinants with use of the mixed-
kingdom probe and were purified by two successive rounds
of single-plaque isolation. DN A-containing phage then were
characterized with rRNA probes in a plaque dot assay using
kingdom-specific hybridization conditions in order to select
PCR primers for preparing templates for sequence analysis.
In this assay, phage are dotted onto a lawn of indicator host,
and following plaque development, plaques are lifted onto a

A. rRNA Probe B. Oligonucleotide Probe

o

FIG. 3. Identification of rDNA-containing clones. Filter lifts of
the recombinant bacteriophage library were probed as detailed in
Materials and Methods with a mixed-kingdom rRNA probe consist-
ing of 16S rRNAs from O. linum (eubacterium), S. solfataricus
(archaebacterium), and S. cerevisiae (eucaryote) or an oligonucleo-
tide probe complementary to a universally conserved 16S rRNA
sequence.
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FIG. 4. Plaque dot assay. (A) Plaques of eubacterial (Xenorhab-
dus luminescens) 16S rDNA-containing bacteriophage, resulting
from application of 107 phage per dot, were lifted onto either
nitrocellulose (NC) or nylon (Hy-Bond) filters and hybridized with
the eubacterium-specific (0. linum) rRNA probe. (B) Autoradio-
grams of nitrocellulose filters from four replicate plaque lifts,
demonstrating kingdom specificity of the rRNA probes. The 16S
rDNAs contained in the recombinant phage were as follows: eucary-
otic, S. cerevisiae; eubacterial, X. luminescens; and archaebacte-
rial, S. solfataricus. The 3*P-labeled rRNA probes were as detailed
in Materials and Methods. (C) Autoradiograms of plaque dot assays
of purified, rDNA-containing bacteriophage from the picoplankton
library probed with either the eubacterial or eucaryotic probe (B) as
indicated. Bacteriophage containing the rDNA operon of S. cerevi-
siae were spotted at position 41.
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A B Clone 20B Clone 39
1234567891011

CATGCN CATGCN

FIG. S. Sorting and sequence analysis of rDNA-containing
clones. (A) Single-nucleotide sequence pattern for 11 picoplankton
clones, produced as detailed in Materials and Methods by using a
PCR-amplified template, primer 519R, and a single dideoxynucle-
otide (ddA). (B) Sequence determination by dideoxynucleotide
chain termination, using a PCR-generated, single-stranded template
from two of the picoplankton clones and primer 519R.

membrane filter for hybridization (15). As documented in
Fig. 4, this assay is very sensitive to the phage concentration
used as the dot inoculum and to the membrane filter to which
plaques are adsorbed for the hybridization assay. The opti-
mal titer for phage production in this assay is between 10?
and 10* PFU/pl. At titers above 107 phage per ml, the signal
intensity decreased, presumably due to poor phage produc-
tion in hyperinfected cells (Fig. 4A). Additionally, the extent
of hybridization was greater and background binding less
when nitrocellulose filters were used for the plaque lifts in
place of Hy-Bond filters (Fig. 4A).

The 38 purified phage preparations were diluted to titers of
between 10° and 10* PFU/ul, and then 1-ul aliquots were
used in the plaque dot assay. The individual rRNAs that
comprise the mixed-kingdom probe can be used indepen-
dently under conditions of increased stringency to determine
the kingdom affiliation of particular clones (Fig. 4B). Three
successive plaque dot lifts of the picoplankton clones were
hybridized individually with the three radiolabeled rRNAs
that constitute the mixed-kingdom probe. A single clone
containing eucaryotic rDNA was identified (Fig. 4C). The
remaining 37 clones hybridized with the eubacterial-kingdom

MARINE PICOPLANKTON 4375

probe (Fig. 4C). No archaebacterial rDNA-containing re-
combinants were identified.

Sequence and phylogenetic analysis of picoplankton rDNA
clones. A two-step, asymmetric amplification using PCR was
used to generate ca. 500-nucleotide, single-stranded DNA
for use as a template in sequencing. Amplification primers
(Materials and Methods) were selected based on the king-
dom affiliation of the clones. To distinguish unique and
duplicate clones, sequencing reactions using the different
templates were carried out with a single dideoxynucleotide
(ddA) and sequencing primer 519R, and reaction products
were analyzed in a denaturing 8% polyacrylamide gel (Fig.
5A). When clones shared identical locations of nucleotide A
in the region sequenced, they were considered to be identical
clones, and a representative was selected for detailed se-

A. Partial Mask
Proteus vulgaris
Escherichia coli Y
Vibrio harveyi
c . .
ok marina -/
G s
] | A > idophita | &
SAR 1 1
Vitreoscilla stercoraria —
Neisseria gonorrhoeae
- Ci ; o [j
I [ A Y e it ol Cy
S SAR 6 —
Bacillus subtilis
— Clostridium i G+
L 1 1 1 -
V] 0.05 0.10 0.15
Evolutionary Distance

B. Full Mask
Proteus vulgaris
Escherichia coli
Vibrio harveyi

violaceum

[
-3
2
-

Cle o

_[— Bacillus subtilis ' G+
[ f
Anacystis nidu Cy
;— SAR 6
L 1 1 1
o 0.05 0.10 0.15

Evolutionary Distance

FIG. 6. Comparison of partial and full sequences for the compu-
tation of evolutionary relatedness of selected eubacteria. Phyloge-
netic trees were calculated (12) by using approximately 200 nucleo-
tides (nucleotides ca. 300 to 500, E. coli numbering) (A) or the full
sequences of the 16S rRNAs of the indicated organisms (B). The
scale represents the number of fixed mutations per nucleotide.
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A. Cyanobacteria

Pseudanabaena PCC 6903

Oscillatoria limnetica
Spirulina PCC 6313
Lyngbya PCC 7419

liverwort plast
_r—— Anabaena cylindrica PCC 7122
Synechocystis PCC 6308
Dermocarpa PCC 7437
_|:_Myxosarcina PCC 7312
ALO7
ALO 23
ALO 37
SAR6
Synech

WH 7805
SAR7
ALO 11

Synechococcus WH 8103
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B. Proteobacteria

Prochiorothrix hollandica
Synech PCC 6301

A1

Evolutionary Distance

1
0 0.05 0.10 0

Y
o
B
1 1 P
0.05 0.10
Evolutionary Distance

FIG. 7. Phylogenetic associations of cyanobacterial and proteobacterial marine picoplankton. Approximately 250-nucleotide sequences of
the cloned Pacific Ocean picoplankton rRNA genes were aligned with the reference sequences indicated, and phylogenetic trees were
constructed (12). Sequences designated ALO were determined in this study. Sequences designated SAR were derived by PCR from Sargasso
Sea (Atlantic Ocean) picoplankton (3). The scale represents the number of fixed mutations per nucleotide. '

quencing. Sixteen different rDNAs were identified among
the 38 clones inspected.

The goal of this sequence analysis was to establish the
phylogenetic affinities of the picoplankton contributing the
rDNAs. The full sequence of the 16S rRNA genes is not
necessary for phylogenetic assignment, as long as deeply
diverging lineages are not at question. It has been shown
previously that phylogenetic trees constructed by using
different and limited portions of the 16S rRNA sequence are
the same as those generated by using full sequences (11). We
chose for focus a portion of the 16S rRNA gene that
corresponds to nucleotides ca. 250 to 500 in the E. coli
rRNA. This region of the molecule contains substantial
sequence variability in conserved secondary structure and
so is useful for rapid sequence comparisons. A phylogenetic
tree constructed (Materials and Methods) with only 200
nucleotides of this region (Fig. 6A) is largely congruent with
one calculated by using most of the 16S rRNA of the major
phyla of bacteria considered (Fig. 6B). Some of the deeper-
branching orders of the groups differ in the trees produced
by using the different sequence extents, but the groups
established are the same.

Approximately 250 nucleotides of sequence were deter-
mined from each unique PCR-amplified template, using
32p_labeled 519R as the sequencing primer (Fig. 5B). The
results of the phylogenetic analyses are summarized in Fig.
7.

All but one of the rDNA clones obtained were eubacterial,
and they fell into only two of the approximately 12 major
phylogenetic groups of eubacteria (25). About half of the
inspected clones were representative of cyanobacteria,
closely related or identical to one another, in a tight phylo-
genetic cluster (Fig. 7A) with two marine Synechococcus
isolates (WH8103 and WH7805) and with sequences re-
trieved by PCR from Sargasso Sea picoplankton (3). The

remaining eubacterial clones, with few duplicates, were
derived from proteobacteria (Fig. 7B). The phylogenetic
analysis solidly establishes most of them with either the « or
v subdivision of proteobacteria. However, two of the se-
quences (ALO 30 and ALO 33), although clearly proteobac-
terial, fall outside the known subdivisions. This may be due
to analytical inaccuracies that result from use of only 250
nucleotides in inferring the tree topology. It also is possible
that ALO 30 and ALO 33 represent a new and deep
divergence in the proteobacteria. More extensive sequence
analysis will be required to resolve these relationships. All of
the characterized sequences also exhibit signature se-
quences (26) exclusively characteristic of the phylogenetic
groups to which the tree analysis assigns the sequences. The
single eucaryotic rDNA clone recovered is most similar
(90% identity) to the 16S rRNA sequence of Prorocentrum
micans, a dinoflagellate (7).

DISCUSSION

Picoplankton are ubiquitous in oligotrophic ocean waters
at concentrations of 10° to 107 cells per ml (2). As is the case
in many environments, only a small fraction (<1%) of
planktonic cells observed by direct microscopy can be
recovéred as CFU on laboratory media (8, 10, 23). Study of
the phylogenetic diversity of such populations therefore
requires techniques that do not rely on cultivation of the
resident microorganisms. The approach used here, analysis
of rRNA gene sequences retrieved from a shotgun library of
naturally occurring picoplankton DNA, seems the most
rigorous way to obtain all representatives of the population.
The shotgun library, with 10- to 20-kb inserts, is also a
source of other sequences associated with the rRNA genes
or other genes of interest.

Plankton were harvested by tangential flow filtration using
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a 10-pm-pore-size intake filter and a 0.1-pm-pore-size tan-
gential flow filter. These size restrictions encompass the
picoplankton, organisms between 0.2 and 2 pm in diameter,
the dominant biomass in the oligotrophic ocean (18). The
seawater intake for the tangential flow filter was approxi-
mately 3 m under the water’s surface. Seawater collected at
this depth is expected to be representative of the top 90 m of
the water column, since depth profiles of dissolved oxygen,
temperature, and salinity taken during the collection were
uniform to a depth of ca. 90 m, indicative of mixing. Also,
since the collection lasted for approximately 3 days and
within a 6-mile radius of the ALOHA station, variation from
small scale vertical or horizontal patchiness should be min-
imal.

A rigorous protocol was used to lyse and purify DNA from
a potentially diverse collection of organisms. Since there
were few intact cells following lysis and no evidence of DNA
resistant to restriction endonuclease digestion, we expect
minimal selective loss of particular rRNA genes during lysis
and the preparation of the size-fractionated DNA. Screening
of 3.2 X 10* clones with the mixed-kingdom probe indicated
that 0.12% of the clones contain an rDNA insert. This
recovery approximates the amount of organismal DNA
typically allotted to 16S rRNA genes (0.1 to 0.4%) (13),
suggesting that rDNA clones were neither selected for nor
excluded during cloning.

The current stage of screening of this picoplankton recom-
binant library is far from exhaustive. The analysis of 38
rDNA-containing clones was arbitrary; the goal was to
obtain some idea of the prominent types of organisms among
picoplankton. The fact that many of the sequences were
obtained as single instances suggests that the diversity of
rRNA types in this recombinant library has not been fully
sampled. On the other hand, the phylogenetic distribution of
sequences recovered indicates that the picoplankton are
dominated by eubacteria: cyanobacteria and a and vy proteo-
bacteria. The relative recoveries of different types of rRNA-
containing recombinants does not necessarily reflect in detail
the relative abundances of cell types, however, because
organisms differ in the number of rRNA genes per cell.

The finding of cyanobacterial rRNA genes among pico-
plankton was expected, considering the abundance and
global distribution of cyanobacteria in ocean waters. All of
the cyanobacterial sequences identified are very close rela-
tives of two Synechococcus strains in the Woods Hole
Culture collection, WH 8103 and WH 7805 (22). Cyanobac-
terial sequences obtained from picoplankton in the Sargasso
Sea, designated SAR 6 and SAR 7 (3), also fall within this
closely related group of marine Synechococcus strains,
consistent with many earlier studies identifying marine Syn-
echococcus strains as the most abundant cyanobacteria in
the oceans (2, 22). Because of their close evolutionary
relationships, the biochemical properties of the cyanobacte-
ria seen here only as rRNA genes are expected to be highly
similar to those of the related strains in culture. Certainly
their mode of nutrition is expected to be photosynthetic, as
is that of all known cyanobacteria.

The other eubacterial rDNA sequences were affiliated
with or closely related to two relatedness groups of proteo-
bacteria, the a and vy subdivisions. It is likely that all of these
proteobacterial picoplankton are oligotrophic heterotrophs,
since proteobacterial photosynthesis is anaerobic. Members
of the vy proteobacteria such as Alteromonas, Vibrio, and
Pseudomonas spp. are common marine pelagic isolates (2).
Some of the isolated rDNA clones are closely related to
these genera.
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The o subdivision of proteobacteria contains many genera
of oligotrophic bacteria that have been isolated from marine
waters, including Caulobacter, Hyphomonas, Hyphomicro-
bium, and Seliberia spp. (2). The rDNA sequences from the
marine picoplankton that are related to the a proteobacteria
are not closely related to these or any other identified a
proteobacteria. Some of the a-related sequences are, how-
ever, nearly identical to rDNA clones obtained from Sar-
gasso Sea DNA by PCR amplification (3). Their occurrence
in both the Pacific (this study) and Atlantic (Sargasso Sea) (3)
oceans suggests a global distribution of these currently
uncharacterized bacteria.

Studies are under way to assess in more detail the relative
distributions of the rDNA sequences in bulk DNA collected
from the ALOHA site. Once these methods are optimized,
studies of spatial and temporal changes in the picoplankton
community structure can be conducted. The use of these
approaches will complement existing strategies for studying
marine picoplankton and should be generally applicable in
microbial ecology.
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